Werner syndrome (WS) is a rare autosomal recessive disorder characterized by premature aging associated with an early onset of age-related diseases including arteriosclerosis, malignant neoplasm, melituria, and cataract. 1) Cells derived from WS patients show a shorter life span in vitro and elevated rates of chromosome translocation, rearrangement and deletion.
2) WS cells exhibit subtle defects in DNA replication such as an extended S phase and a reduced frequency of firing of replication origins. 2) In addition, a number of reports have shown that many cellular events, including DNA repair, recombination, transcription, apoptosis and telomere maintenance, are affected in WS cells.
3) The gene responsible for WS encodes a protein (WRN) that is a member of the RecQ DNA helicase family 4) and which possesses DNA helicase 5, 6) and exonuclease activities. 7, 8) Accumulating evidence suggests that WRN is necessary for preventing telomere dysfunction and consequent genomic instability. 9, 10) However, other cellular roles of WRN are not well understood.
It has been reported that WRN physically interacts with DNA polymerase d (pold), replication protein A, PCNA, FEN1, DNA topoisomerase I, the Ku70/86 complex, p53, BLM, PRAP-1/2, RAD52, and WRNIP1.
3) WRN stimulates the activities of pold 11) and FEN1, 12) and in turn, its exonuclease activity is stimulated by the Ku70/86 complex. 13) We identified WRNIP1 as a novel WRN-interacting protein 14) that also interacts with and stimulates the activity of pold in vitro. 15) In addition, a functional interaction between yeast WRNIP1 (Mgs1) and pold has been shown genetically. [16] [17] [18] Despite the growing number of WRN-interacting proteins and their roles in DNA replication, repair, and recombination, it is not clear how WRN is involved in these processes. To address this issue, we have examined the relationships between WRN and WRN-interacting proteins by deletion analysis. Since a functional relationship between WRN and Ku70, which is involved in non-homologous end joining (NHEJ) pathway, was detected by biochemical methods, 13) we generated WRN In Saccharomyces cerevisiae, mutation of MGS1 confers synthetic lethality in the rad18 background.
16) The Rad18 protein functions in post-replication repair, including the error-free and error-prone damage bypass pathways.
22) The Rad18/Rad6 complex mono-ubiquitinates PCNA upon induction of DNA damage caused by agents such as UV irradiation, 23) and mono-ubiquitinated PCNA recruits translesion polymerases, including Polh. Mono-ubiquitinated PCNA undergoes further ubiquitination mediated by Ubc13/Mms2/ Rad5, and this modification appears to promote a so-called "template switching lesion bypass" pathway by regulating Pold function. 24) We previously reported that Pold functionally interacts with Rad18/Mms2/Rad5 as well as with Mgs1 and that Rad18/Mms2/Rad5 and Mgs1 function in distinct but similar pathways. 18, 25) We found a functional interaction between RAD18 and WRNIP1 under certain conditions using RAD18
Ϫ/Ϫ/Ϫ double mutant cells. 26) Therefore, we wished to address the functional relationship between WRN and RAD18. Here we generated WRN
Ϫ/Ϫ double mutants from chicken DT40 cells and compared their properties with those of single mutant cells.
MATERIALS AND METHODS
Cell Culture and DNA Transfection DT40 cells were cultured in RPMI 1640 supplemented with 100 mg/ml kanamycin, 10% fetal bovine serum, and 1% chicken serum at 39.5°C. structs, 28) respectively, using a Gene Pulser apparatus (BioRad, Hercules, CA, U.S.A.) at 550 V and 25 mF. Drug-resistant colonies were selected in 96-well plates with medium containing 1 mg/ml histidinol or 20 mg/ml blasticidin. Gene disruption was confirmed by Southern blot analysis and RT-PCR.
Growth Curves Cells (2ϫ10 4 ) were inoculated and cultured at 39.5°C for the specified periods. To maintain exponential cell growth, 3 ml cultures were started in 30 mm diameter dishes, from which cells were successively transferred into 60 mm and 100 mm dishes. The cells were counted and growth rates were estimated.
Determination of Plating Efficiency and Sensitivity to MMS, 4NQO, and CDDP Cells (4ϫ10 2 ) of each genotype were plated into dishes containing Dulbecco's modified MEM (D-MEM)/F-12 supplemented with 1.5% (w/v) methylcellulose, 1.5% chicken serum, and 15% fetal bovine serum and cultured at 39.5°C for 7 to 10 d. Visible colonies were counted, and plating efficiency was calculated as number of colonies/400 cellsϫ100 (%). To assay sensitivity to DNA damaging agents, cells (3ϫ10 2 ) were inoculated into dishes containing various concentrations of MMS, 4NQO or CDDP in D-MEM/F-12 supplemented with 1.5% (w/v) methylcellulose, 1.5% chicken serum, and 15% fetal bovine serum. Visible colonies were counted 7 to 10 d after inoculation, and sensitivity to the treated reagent was represented as the percentage of cells forming colonies relative to that of untreated cells.
Measurements of Spontaneous SCE Frequencies Cells (5ϫ10 5 ) were incubated with 10 mM BrdU for 16 h. The cells were also treated with 0.1 mg/ml colcemid for the final 3 h of incubation to increase the proportion of mitotic cells. The cells were harvested and treated with 75 mM KCl for 20 min at room temperature and then fixed with methanol-acetic acid (3 : 1) for 30 min. The cell suspension was dropped onto ice-cold wet glass slides and air-dried. The cells on the slides were incubated with 10 mg/ml Hoechst 33258 in phosphate buffer (pH 6.8) for 20 min and rinsed with MacIlvaine solution (164 mM Na 2 HPO 4 , 16 mM citric acid, pH 7.0). The cells were exposed to a black light (lϭ352 nm) at a distance of 1 cm for 30 min, incubated in 2ϫSSC (0.3 M NaCl, 0.03 M sodium citrate) at 62°C for 30 min and stained with 3% Giemsa for 10 min. 20) and disruption of the WRN and RAD18 genes was confirmed by RT-PCR (Fig. 1C) .
RESULTS AND DISCUSSION

Generation of WRN
Proliferation of WRN ؊/؊
/RAD18
؊/؊ Cells The growth rates of RAD18 Ϫ/Ϫ and WRN Ϫ/Ϫ cells were similar to that of wild-type cells (Fig. 2A) . WRN Ϫ/Ϫ
Ϫ/Ϫ cells also grew at almost the same rate as wild-type cells or either single mutant. In addition, there was no prominent difference in plating efficiency among WRN
, and wild-type cells (Fig. 2B) (Fig. 3C panel b) . We then examined whether disruption of WRN reduces the elevated frequency of SCE in RAD18 Ϫ/Ϫ cells. As shown in (Figs.  4A, B) . Moreover, the CDDP sensitivity of RAD18 Ϫ/Ϫ cells was slightly suppressed by disruption of WRN (Fig. 4C) . These results suggest that WRN functions in a pathway involving RAD18 upon exposure of cells to the DNA damaging agents.
In conclusion, this is the first report describing a functional relationship between WRN and RAD18. If WRN is involved in a RAD18-dependent damage tolerance pathway, what is the nature of the mechanism that links the two proteins? Notably, RAD18 together with RAD6 mono-ubiquitinates PCNA, 23) a Pold clamp that permits replacement of this polymerase with translesion polymerases that allow for synthesis of DNA on damaged templates. In addition, monoubiquitinated PCNA is poly-ubiquitinated by the yeast Ubc13/Mms2/Rad5 complex, resulting in activation of the template switch lesion bypass pathway. 24, 25) In both cases, Pold detaches transiently from the template and/or primer, and normal replication forks may be established after the damage has been bypassed. In this context, it is interesting that human WRN interacts with Pold 11) and PCNA. 30) If the above two mechanisms to bypass damage are also operative in higher eukaryotic cells, it is conceivable that some DNA lesions or structures require the function of WRN to activate either or both of these two mechanisms. Thus, the regulation of Pold by WRN in the presence of DNA damage is an im- portant issue for future study. 
